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during their final weeks of life. The capture and release of fish arriving at the spawning ground does not appear to influence survival, in contradiction to the results of other studies, which focused on earlier components of Pacific salmon spawning migrations. Fisheries adjacent to spawning sites represent the end of the continuum of salmon fisheries that begin with the high seas fishery and extend through the coastal and riverine environments. The mortality rates in this study should be interpreted cautiously by management until research efforts are broadened to provide a better understanding of how postrelease outcomes at different life stages compare in natural systems and under conditions more representative of real fisheries.
There is a growing interest in advancing our understanding of the fate of animals released from fishing gears (Davis 2002; Broadhurst et al. 2006; Donaldson et al. 2008; Davis 2010) . By comparing fishing techniques, handling practices, and environmental variables with postrelease outcomes (Davis 2002) , research can inform management efforts to reduce or account for postrelease mortality (e.g., Huse and Vold 2010; Gale et al. 2011; Roberts et al. 2011; Baker et al. unpublished data) or improve animal welfare (e.g., Butcher et al. 2011) . Fisheries capture involves two general biological effects at the organism level: physiological stress and injury. In the context of fish capture, physiological stress has two parts: (1) a glucocorticoid-based stress response that elicits a cascade of physiological adjustments (Wendelaar Bonga 1997; Barton 2002) , and (2) metabolic exhaustion caused by anaerobic exercise and (in many cases) air exposure (Ferguson and Tufts 1992; Kieffer 2000) . Physiological stress alone can lead to immediate or delayed mortality (Wood et al. 1983; Ferguson and Tufts 1992; Davis 2007; Gingerich et al. 2007 ).
Physical injury is the second general organismal effect of fish capture. Injuries could lead to immediate or delayed mortality (Broadhurst et al. 2005) , behavioral impairments (Brouwer et al. 2006; Gravel and Cooke 2008) , or secondary infections (Baker and Schindler 2009; Butcher et al. 2010) . There are also interactions between stress and injury, with injury tending to exacerbate the level of stress. Moreover, the stress response can result in reduced immune function (Barton 2002) , which could act in synergy with dermal injuries to produce latent (and potentially fatal) infections. Nevertheless, to our knowledge, no studies have compared the relative effects of (or interactions between) exhaustion-related stress and physical injury on postrelease outcomes. Developing a better understanding of the stress-injury interaction could inform conservation initiatives. For example, if a particular bycatch species proves adept at overcoming fisheries capture stress but suffers high mortality in cases where dermal injuries occur, mortality reduction efforts could focus on reducing injury (e.g., through gear or handling modifications) rather than reducing stress per se (e.g., through reducing net soak times or air exposure).
Physiological measurements have been commonly used to understand the sublethal effects of capture on fishes (Davis et al. 2001; Meka and McCormick 2005; Donaldson et al. 2010) , to compare fish welfare outcomes against capture variables (reviewed by Cooke and Sneddon 2007) , to develop mortality predictors (Davis et al. 2001; Davis 2007; Campbell et al. 2010) , and to evaluate effects on reproductive fitness (Baker et al., in press ). Emerging in fisheries research is the use of simple reflex assessments for predicting vitality and delayed mortality (reflex action mortality predictors; Davis and Ottmar 2006; Davis 2007; Humborstad et al. 2009; Davis 2010; Raby et al. 2012) and for evaluating condition of released salmon relative to the use of revival boxes (Farrell et al. 2001; Vander Haegen et al. 2004) . Reflex action mortality prediction [RAMP] is a rapid assessment tool that provides an ordinal score that can be used to assess the individual-level effect of capture on fish and predict mortality (Davis 2010) . Despite several research papers validating the RAMP approach (Davis and Ottmar 2006; Davis 2007; Humborstad et al. 2009; Campbell et al. 2010; Raby et al. 2012; Donaldson et al. 2012) , there has been no demonstration of the processes underlying reflex impairment in fish.
Pacific salmon can be used as a model organism for studying the consequences of capture and release, particularly during the freshwater phase of the spawning migration, where postrelease outcomes can be readily monitored and fitness consequences are clear . Pacific salmon form the basis of one of North America's most lucrative freshwater multisector fisheries. Thousands of metric tons of Fraser River (British Columbia, Canada) Pacific salmon are typically captured and retained annually by recreational, commercial, and aboriginal fisheries (McRae and Pearse 2004; BCMOA 2011) . These activities result in capture of nontarget species because of overlap in the migration timing of different species and stocks. Fish are then released back to the river because of regulations or fisher ethic with the hope that they will survive and spawn Gale et al. 2011; Raby et al. 2012 ). Yet, there are very few data on the fate of salmon after release from fishing gears in the Fraser River (but see Donaldson et al. 2011; Raby et al. 2012) . Also, there is a poor understanding of the factors affecting postrelease mortality. Therefore, studying capture and release in upriver migrating Pacific salmon can both advance our conceptual understanding of bycatch mortality and benefit conservation of an iconic natural resource .
Very little data exist on fisheries interactions in river headwaters where salmon are approaching and arriving at terminal spawning areas. Nearly all published studies on salmon capture and release have focused on marine fisheries, and none have investigated postrelease impacts for fish captured upon arrival at spawning areas. Historically, the bulk of harvest fisheries for Pacific salmon did not occur close to spawning areas, with the exception of some small-scale aboriginal fishing. However, in some cases there has been an increasing desire for such fisheries that has been motivated by attempts to reduce bycatch and satisfy aboriginal treaty obligations and by an increasing demand for roe. Though the large majority of fishing for Pacific salmon does occur in the marine environment and shortly after river entry, some capture and release occurs close to and within spawning areas. For example, in the Harrison River, one of the largest spawning tributaries of the Fraser River (and the subwatershed where this study took place), there are multiple First Nations fisheries that use gill nets and beach seines: "Economic Opportunity" fisheries (targeting all species), "Food, Social, and Ceremonial" fisheries (all species), and "ESSR" (Excess Salmon for Spawning Requirements) fisheries, which target Chum Salmon Oncorhynchus keta, Coho Salmon O. kisutch, and Pink Salmon O. gorbuscha. Recreational fisheries in the Harrison River targeting mainly Coho Salmon, Chinook Salmon O. tshawytscha, and Sockeye Salmon O. nerka also capture and release thousands of Pink and Chum Salmon. In fact, during 2001 more 45,000 Pink Salmon and 5,000 Chum Salmon were released by anglers on or near spawning areas of the Harrison system. Catchand-release angling also occurs throughout the upper watershed in a similar manner to that in the Harrison River (for data, see http://www.pac.dfo-mpo.gc.ca/fm-gp/fraser/index-eng.htm). In addition, stock assessment managers rely on capture-markrecapture programs that operate in the Harrison system during spawning times to estimate escapement (Chum, Chinook, Sockeye Salmon). More broadly, capture-mark-recapture is one of the most commonly used methods for stock assessment and research in spawning areas, especially in British Columbia (Schwarz et al. 1993; Rajwani and Schwarz 1997; Schubert 2000) , but also in the USA and Japan (Miyakoshi and Kudo 1999; Naughton et al. 2009; Parsons and Skalski 2010) . Those tagging programs rely on an assumption that the capture and tagging process itself does not affect spawning success.
The primary objective of this study was to elucidate the relative importance of physiological exhaustion and dermal injury as contributors to survival and spawning success in Pink Salmon and Chum Salmon released from fishing gears upon arrival at spawning grounds. A further objective was to evaluate RAMP for the first time in these species while comparing RAMP scores to plasma variables. We sought to apply a range of experimental levels of stress and injury on Pink Salmon and Chum Salmon arriving at spawning grounds, quantify RAMP for each individual, and subsequently monitor their fate after release into a large artificial spawning channel. To our knowledge, this represents the first work on capture-release of either species in any context, two species commonly released by multisector fisheries that harvest Sockeye, Coho, and Chinook Salmon.
METHODS
All protocols in this study were conducted in accordance with CCAC guidelines and animal care permits obtained from FIGURE 1. Schematic of the Weaver Creek Spawning Channel in the lower Fraser River watershed. The channel segments are as follows: 1 = the natural Weaver Creek from which fish enter the spawning channel, 2 = fish ladder entrance to the raceway, 3 = the sorting shed through which fish are normally allowed to enter the channel or be diverted as surplus, 4 = the holding area of the raceway from which fish were dipnetted, and 5 = the location in the downstream-most stretch of the spawning channel into which tagged fish were released following processing. (Source: Hruska et al. 2011 and Cook et al. 2011; used with permission.) Carleton University and Fisheries and Oceans Canada. The study was conducted at Weaver Creek Spawning Channel, a 2,930-m long, 6.1-m wide, and 0.25-m deep artificial spawning channel built in 1965 as part of British Columbia's Salmonid Enhancement Program (Quinn 1999) . The spawning channel is part of the Fraser River watershed and is approximately 117 river kilometers upstream of river entry (Figure 1 ). Each year in October, Sockeye Salmon O. nerka, Chum Salmon, and Pink Salmon (odd years) enter the spawning channel via a concrete raceway (2.5 × 100 m, 1.5 m deep). Individuals are preferentially admitted into the channel through the fence based on preseason spawning targets for each species. Fish not permitted into the spawning channel are either released into the natural creek adjacent the spawning channel or are treated as surplus and harvested by an aboriginal commercial fishery. The channel contains gravel substrate ideal for spawning (1.2-7.6-cm diameter), has consistent water flow (about 0.4 m/s), and fish densities are controlled. Fish in the raceway are often crowded and have fully developed secondary sexual characteristics, making it easy to dipnet individuals of a particular sex and species. Female salmon were used throughout all experiments to facilitate an accurate assessment of spawning success (see below).
Experimental treatments, biopsy, and tagging.-On October 3-4, 2009, 174 female Pink Salmon (mean water temperature = 13.2
• C) and on October 7-12 120 female Chum Salmon (11.8
• C) were dipnetted from the spawning channel raceway and randomly assigned to one of six experimental fishing Downloaded by [134.117.10 .200] at 17:24 19 February 2013 simulation treatment groups: group 1 = high stress, high injury (i.e., 3 min gill-net entanglement and 1 min air exposure), 2 = high stress, minor injury (3 min angling with a hook and line, 1 min air exposure), 3 = high stress, no injury (3 min manual chase by hand, 1 min air exposure), 4 = low stress, high injury (10 s gill-net entanglement without air exposure), 5 = low stress minor injury (10 s angling without air exposure), and 6 = low stress, no injury (control, not subjected to a capture simulation). For all treatments but the control group, fish were immediately transferred from the raceway to a small circular tank (2 m diameter, 0.4 m deep) continuously supplied with creek water where the capture simulation was undertaken. For the gill-net simulation treatments (groups 1 and 4), fish were placed in the tank and forced to swim into a dip net strung loosely with monofilament gill-net mesh netting (13.3-cm mesh; standard size for targeting Sockeye Salmon in the Fraser River). For the long duration gill-net treatment with air exposure (group 1; hereafter referred to as "high stress"), the fish were disentangled from the net in air and kept in air for a total of 1 min following a 3 min entanglement. For the low stress gill-net treatment (group 4), the fish were kept submerged for disentanglement, which began after only 10 s in the net. The high stress (group 2) and low stress (group 5) angling treatments mirrored the gill-net treatments, except that in place of a gill-net, a size-1 barbless J-hook attached to a line and rod was inserted through the upper jaw of the fish using pliers and angling was simulated in the circular tank, thus eliciting a hook injury. The chase treatment (group 3) was designed to provide the exhaustive exercise (3 min) and air exposure (1 min) of a capture event without any dermal injury; this involved three people leaning over the edge of the tank and stimulating the fish to burst swim by either touching its caudal fin or splashing beside it . Air exposure involved fish being held in a knotless nylon dip net above ground adjacent to the circular tank for 1 min immediately following cessation of the tank treatment (i.e., 3 min chase, net entanglement, or angling). If gill-net disentanglement for the high stress treatment was not completed within 1 min, disentanglement was completed with the fish submerged in the circular tank. These treatments were intended to be sufficiently varied so that we could make inferences about the relative effects of the injury and exhaustion-related stress components of capture. For example, were higher prespawn mortality to occur in treatments with more severe injuries, irrespective of the level of stress (i.e., exercise and air exposure) imposed, it could be inferred that injury was most influential. Conversely, were the highest mortality to occur in the high stress groups with no differentiation resulting from injuries, one would conclude the exhaustion levels were most influential. Finally, were mortality rates far higher in group 1 (high stress, high injury) than all others, it could be concluded that the interaction between stress and injury is most important.
Upon completion of the capture simulation, each individual was brought to a padded V-shaped sampling trough (described by Cooke et al. 2005) , continuously supplied with flowing freshwater directed over the gills, where it was restrained by hand for biopsy and tagging. The control group (group 6) was dipnetted from the raceway and brought directly to the sampling trough for processing (within 10 s of capture). Each fish was held supine for withdrawal of about 2 mL of blood using caudal puncture with a 21-gauge needle and a 3-mL heparinized Vacutainer (lithium heparin; BD, Franklin Lakes, New Jersey). Following phlebotomy, an individually numbered cinch tag was inserted through the dorsal musculature anterior to the dorsal fin. Each fish was measured (fork length; cm) and any apparent injuries were described. Fish were finally tested with a rapid reflex assessment (see below) and released into the spawning channel ( Figure 1 ). Blood samples were placed in an ice slurry and within 20 min were centrifuged at 10,000 × gravity for 5 min. Plasma samples were flash frozen and stored in liquid nitrogen until later transfer to a −80
• C freezer. In the laboratory, we quantified plasma glucose, lactate, osmolality and ions (Cl − , K + , and Na + ) following the methods described by Farrell et al. (2001) . Interassay variation was <10% for all assays.
Reflex assessment. -We used reflex action mortality predictors (RAMP; Davis 2010) to assess fish condition and evaluate whether it could predict mortality patterns in Pink and Chum Salmon. The method involves cumulating the presence or absence of five individually-assessed reflexes into an index value (RAMP score); a suite of reflexes previously validated using adult migrating Coho Salmon in the Fraser River . The reflexes used were identified as being consistently present in vigorous Pink and Chum Salmon in good condition, consistent with the results of other studies using Coho Salmon ) and Sockeye Salmon G. Raby, unpublished data) . The five reflexes tested were tail grab, body flex, head complex, vestibular-ocular response (VOR), and orientation. Tail grab was impaired if, while the fish was immersed in water, a handler attempting to grab the fish around the caudal peduncle did not elicit a burst-swim response. Body flex, assessed by holding the fish out of water with two hands wrapped around the middle of the body, was impaired if the fish did not make an attempt to struggle free (characterized by it flexing its body). Head complex was impaired if the fish failed to demonstrate a pattern of regular ventilation when held out of water for about 5 s. Holding the fish out of water and tilting it onto its side slowly, we assessed VOR by noting the counter-rolling of the eye to maintain level pitch and track, representing a positive response. Either upon release or in the circular tank, the final reflex assessment, orientation, was completed by placing the fish upside down in the water to see whether it would regain orientation; if within 3 s, it was characterized as a positive orientation response, or otherwise (>3 s), it was an impaired or negative response. The first four reflexes were assessed with the fish in and held out of the water-filled sampling trough. All reflexes were assessed conservatively such that if the researcher had any doubt as to the presence of the reflex, it was assigned an impaired status. The entire RAMP assessment required <20 s to complete for each animal and yielded a RAMP score, which represented the Downloaded by [134.117.10 .200] at 17:24 19 February 2013 proportion of reflexes impaired (i.e., 1 = all reflexes impaired, 0 = no reflexes impaired). If a fish was too vigorous for handling and assessment of individual reflexes, it was assigned a RAMP score of 0 (following Raby et al. 2012) .
Postrelease fate.-Subsequent to release of tagged salmon into the spawning channel, the entire length (about 3 km) of the channel was searched twice daily for dead tagged fish. Fish were generally recovered underwater, which was away from most gull scavenging. For each recovered individual, we calculated longevity as the number of days from the date of tagging to the date of recapture. As a proxy for reproductive success, we used egg retention (following Quinn et al. 2007; Hruska et al. 2010 Hruska et al. , 2011 Cook et al. 2011) . For egg retention, we calculated the percentage of eggs remaining in the body cavity relative to the length-specific expected number of total eggs, which was based on length-to-egg-mass relationships we constructed for both Pink and Chum Salmon with separately sampled individuals (Cook et al. 2011 , McConnachie et al. 2012 . Individuals were then categorized as successful spawners if they had released >90% of their eggs, while individuals retaining 50% or more of their eggs were considered unsuccessful spawners (prespawn mortalities). Fish that had released 51-89% of their eggs (10 Pink Salmon and 7 Chum Salmon) were excluded from the analysis because small numbers of eggs were sometimes lost from carcasses during transport from the channel to the dissection bench (Cook et al. 2011 ). Carcasses were carefully inspected for any evidence that they had been stripped of their eggs by gulls. Fish that were not successfully recovered (20 Pink Salmon and 38 Chum Salmon) and fish pecked by gulls (14 Pink Salmon and 4 Chum Salmon) were not included in analyses of egg retention. Thus, assessments of egg retention were based on 130 Pink Salmon and 71 Chum Salmon.
Calibration of the RAMP method.-We conducted an a posteriori experiment using female Pink Salmon to determine the limits of resistance to capture stress and to calibrate a RAMP-mortality curve. Our stress treatment involved aerial confinement in a wetted black Hypalon rubber (chlorosulfonated polyethylene synthetic rubber) fish-holding bag. We used air exposure durations in the range of those used by Gingerich et al. (2007) and Thompson et al. (2008) : 0, 60, 120, 240, 480, and 960 s. Pink Salmon females were dipnetted from the spawning channel raceway and randomly assigned to one of the six treatment groups (durations; about 20 per group). Following the aerial confinement stressor, each fish was measured, and cinch-tagged in a water-filled sampling trough as detailed above (except blood samples were not taken). The RAMP assessments were conducted as described above, and the fish were released into the spawning channel in the same location as for the earlier experiment (Figure 1) . In addition to the six treatment groups, there was a RAMP control group (total = 132 fish) that was rapidly dipnetted and RAMPassessed, without the air exposure treatment or the handling associated with tagging. Tagging and release occurred October 19-21, 2009 , during which time the mean water temperature in the channel was 11.9
• C. Following release, carcasses of tagged individuals were recovered and processed as detailed above.
Data analysis and statistics.-To evaluate the status of fish at the time of release, we compared physiological measures from blood plasma and RAMP scores among treatment groups. The plasma variables we analyzed began changing on a predictable trajectory that was initiated when a fish was first contacted. We therefore used analysis of covariance (ANCOVA) with treatment group as the main effect and handling time (from initial capture to release) as the covariate to compare plasma parameters among treatments (Bonferroni-corrected α = 0.007). Similarly, to compare RAMP scores to plasma variables, we used AN-COVA with RAMP score treated as the categorical main effect and handling time as the covariate (α = 0.008). When ANCOVAs were significant, post hoc differences were identified using Tukey's honestly significant difference (HSD) test. The RAMP scores themselves were compared among treatments (in both experiments) using Kruskal-Wallis ANOVA (α = 0.025), with multiple comparisons of z-values as a post hoc test where necessary. We compared longevity among treatment groups using Kruskal-Wallis ANOVA because the data could not be normalized. In order to compare the proportion of fish categorized as successful spawners among treatment groups, we used a Pearson's chi-square test. To evaluate the predictive power of RAMP score on the fate of released fish, mean longevity was compared among RAMP scores using Kruskal-Wallis ANOVA. Finally, fish were grouped as either spawners or nonspawners, and the RAMP scores at release for those groups were compared using a Mann-Whitney U-test. All analyses were conducted using Statistica 8.0 (StatSoft, Tulsa, Oklahoma). Data were normalized using log 10 transformation for statistical analyses where necessary following assessment with Shapiro-Wilk W test. All values in text are reported as means ± standard error of the mean.
RESULTS

Qualitative Observation of Behavior and Injuries
Gill net.-Both Pink and Chum Salmon struggled vigorously once they were dipnetted from the raceway into the experimental tank and forced to become entangled in gill-net mesh. Fish from the 10-s entanglement treatment (low stress) remained vigorous as they were being disentangled. Fish from the 3-min treatment (high stress) continued to struggle vigorously for about the first 30 s of entanglement and then attempted to burst free only periodically for the remainder of the 3-min period. A small number of the Pink Salmon were slender enough to struggle through the gill-net mesh sized used, and had to be reentangled multiple times during the 3-min treatment. Chum Salmon were typically too large for the mesh size used, and therefore the netting functioned as a tangle net with most tangling occurring around the head and on the teeth. Both species occasionally exhibited minor bleeding from the gills as a result of abrasion from the netting, which generally ceased after 1-2 min Downloaded by [134.117.10.200] at 17:24 19 February 2013 in the sampling trough posttreatment. In general, the gill-net entanglement caused few obvious injuries or scale loss, largely because all fish had reached the point in their lifecycle where their scales had fused into their skin in readiness for the spawning period. The most severe injuries consisted of minor bruising lines from net mesh and localized mucus loss, quite modest relative to injury that can happen in gill-net fisheries further downstream (personal observation of the authors). This treatment generally failed to elicit significant injury partly due to a lack of realism. Salmon capture in most fisheries would suffer damage from the loss of highly perfused scales, plus a range of injury severity depending on fish size, duration of entanglement, and how fish are handled if they are pulled from the gill net by hand and released (rather than escape the net before landing; Baker and Schindler 2009). We caution therefore that the postrelease effects of gill-net entanglement in a true fishery operating at spawning areas would likely differ from what we observed following our gill-net simulation. It remains a possibility that the external physical changes in matured Pacific salmon render them more resilient to gill-net injury than fish at earlier stages, though that possibility has not been sufficiently evaluated here.
Angling.-The angling treatment was effective in that hooked fish typically struggled vigorously for >2 min, similar to what would be observed in a true angling event . During dehooking or disentangling, whether in water (low stress) or in air (high stress), individuals of both species typically struggled and presumably increased their level of exhaustion. Injuries were consistent for the angling treatment because an identical hook was pulled through the same part of the upper jaw for each individual, leaving a small hole through the tissue and usually minor bleeding. Again, the injuries resulting from this treatment were considered to be minor, and comparable with those obtained during an actual river angling event.
Chase.-The extent of the exercise resulting from the manual chase was similar to what was observed in the high stress angling treatment, where fish would burst vigorously for the first 90-120 s of the treatment before visibly beginning to tire and typically not respond to stimuli towards the end of 3 min. However, we did observe that Chum Salmon typically ceased responding to researcher stimuli 30-60 s earlier than Pink Salmon in the manual chase treatment.
Interactive Effects, RAMP, Blood Physiology, and Fate
Pink and Chum Salmon responded similarly to the treatments, with RAMP scores and plasma lactate providing the clearest evidence of a treatment effect (Figure 2 ). After controlling for handling time, the three high stress treatments grouped together in that both Pink and Chum Salmon had significantly higher plasma lactate levels upon release relative to the lowstress injury treatments and controls based on ANCOVA with handling time as a covariate (Pink Salmon: F 5, 163 = 8.72, P < 0.001; Chum Salmon: F 5, 110 = 6.48, P < 0.001; Figure 2 ; Table 1 ). Similarly, the longer capture simulations that included air exposure resulted in significantly more reflex impairment for both species based on Kruskal-Wallis ANOVA (Pink Salmon: H 5, 173 = 95.53, P < 0.001; Chum Salmon: H 5, 173 = 59.45, P < 0.001; Figure 2 ; Table 1 ). There was a significant difference in plasma potassium in Pink Salmon among groups (F 5, 163 = 8.72, P < 0.001), but not in Chum Salmon (F 5, 110 = 3.10, P = 0.012; Table 1 ). Specifically, a post hoc test revealed that Pink Salmon in the control group had significantly lower levels of plasma potassium than all other groups, while the chase and high stress hook treatments resulted in the highest plasma K + (Figure 2 ; Table 1 ). Treatment also significantly affected plasma chloride (F 5, 164 = 3.82, P = 0.003) and osmolality (F 5, 164 = 3.74, P = 0.003) in Pink Salmon after controlling for handling time; osmolality was significantly different among groups in Chum Salmon (F 5, 109 = 4.67, P < 0.001), whereas chloride was not (F 5, 110 = 2.01, P = 0.083; Figure 2 ; Table 1 ). There were no significant effects of the main effect (treatment) or the covariate (handling time) on plasma glucose or sodium in either Pink or Chum Salmon (Table 1) .
The pattern of impairment of individual reflexes with successively increasing levels of overall reflex impairment (RAMP scores) was largely consistent. Tail grab and body flex were by far the two most easily impaired reflexes (Tables 2, 3 ). However, in Chum Salmon, tail grab impairment predominated body flex impairment at low RAMP scores (0.2, 0.4) compared with Pink Salmon. Orientation was typically the third reflex to become impaired for both species when overall RAMP score increased beyond 0.4 (Tables 2, 3 ). We did not commonly observe VOR impairment, which was almost always the last reflex impaired.
The RAMP score also demonstrated some concordance with physiological variables in blood. In particular, lactate accumulation in plasma was significantly related to RAMP score for both Pink (F 5, 163 = 3.73, P = 0.003) and Chum Salmon (F 4, 111 = 4.75, P = 0.001), with higher lactate values occurring at higher RAMP scores (Figure 3 ). Other patterns that were apparent between RAMP scores and plasma constituents ( Figure 3) were not statistically significant (Table 1) .
Though physiological disturbances were significantly varied among the capture simulations, there were no resulting treatment differences in the postrelease outcomes we measured (Figure 4) . Mean postrelease longevity on spawning grounds for female Pink Salmon tagged October 3-4 in this study was 14.42 d (SE = 0.33, range = 1-23) and did not differ significantly among the six treatment groups (Kruskal-Wallis ANOVA: H 5, 154 = 4.81, P = 0.44). Mean postrelease longevity on spawning grounds for Chum Salmon was 7.54 d (SE = 0.19, range = 3-12), and there was no significant effect of treatment (H 5, 71 = 2.53, P = 0.77). In general, spawning success was high based on egg retention; 92% of the released Pink Salmon and 96% Chum Salmon were categorized as successful spawners. The proportion of fish classed as successful spawners was not significantly different among the six treatment groups for either Pink Salmon (Pearson's chi-square: χ 2 = 0.24, P = 1.00) or Chum Salmon (χ 2 = 0.11, P = 1.00). With negligible variation in postrelease outcomes, it is not surprising that RAMP score was not a significant Downloaded by [134.117.10 .200] at 17:24 19 February 2013 FIGURE 2. Mean RAMP scores (see Table 1 ) as well as plasma lactate, potassium, osmolality, chloride, and sodium values measured in female Pink Salmon (white bars) and Chum Salmon (gray bars) for each of the six capture treatments. The terms "hook low" (treatment 5) and "gill low" (treatment 4) refer to injury treatments with brief exposure to angling and gill netting without air exposure (i.e., low exhaustion stress). The terms "hook high" (treatment 2) and "gill high" (treatment 1) refer to 3-min exposures to the same gears with the addition of 1 min of air exposure. "Chase" (treatment 3) fish were chased in the circular tank for 3 min followed by 1 min of air exposure. Control fish (treatment 6) were brought rapidly to the sampling trough for sampling and tagging. Among-group differences were assessed via ANCOVA with researcher handling time as the covariate; post hoc differences among groups are indicated by dissimilar letters. In the first two panels, dissimilar letters denote significant differences among groups for both species; for plasma potassium and chloride, however, there were significant differences only for Pink Salmon. Error bars denote 95% confidence intervals. (P-values) of ANCOVAs comparing physiological differences among experimental capture treatments and levels of reflex impairment (RAMP scores; all treatments pooled), with treatment or RAMP score as the main effect and total researcher handling time as the covariate for both. Differences in RAMP scores (the proportion of reflexes assessed as impaired for an individual among the five reflexes assessed) among capture treatments were assessed with Kruskal-Wallis ANOVA rather than ANCOVA. For treatment effects, α = 0.007; for RAMP score effects, α = 0.008. P-values in bold italics are significant at Bonferroni-adjusted significance thresholds. Post hoc differences are shown for treatment effects in Figure 2 and for RAMP scores in Figure 3 . For Pink Salmon, n = 163; for Chum Salmon, n = 110; na = not applicable. 3. Mean plasma lactate, potassium, osmolality, and chloride values for female Pink Salmon (white bars) and Chum Salmon (gray bars) assessed at five different levels (RAMP scores) of overall reflex impairment, higher scores indicating a greater proportion of impaired reflexes. Among-group statistical differences were assessed using ANCOVA with handling time as the covariate and RAMP score as the main effect (categorical) variable. Post hoc among-group differences are denoted by dissimilar letters above bars. Error bars denote 95% confidence intervals.
predictor of longevity in Pink Salmon (Kruskal-Wallis ANOVA: H 5, 139 = 9.56, P = 0.09) or Chum Salmon (H 4, 78 = 5.50, P = 0.24), nor of spawning success (Mann-Whitney U-test, P = 0.87 for Pink Salmon and P = 0.60 for Chum Salmon).
An objective of this study was to validate RAMP for these species. However, given that we observed virtually no postrelease (prespawn) mortality to compare with RAMP scores, we conducted an a posteriori experiment using Pink Salmon that involved a range of exhaustion stress beyond that of the main experiment. With each increase in duration of the aerial confinement stressor, we observed an increase in reflex impairment ( Figure 5 ), RAMP scores being significantly different among durations (Kruskal-Wallis ANOVA: H 6, 132 = 108.79, P < 0.001).
There was an immediate mortality rate (i.e., fish did not leave the release site) of 25% (5 of 20 individuals) for the 960-s (16-min) treatment. However, excluding those five individuals, mean overall longevity (6.22 d, SE = 0.14) did not differ significantly among durations (H 5, 75 = 7.43, P = 0.19), and every single individual that was recaptured was categorized as a successful spawner, based on low egg retention, including all eight fish recaptured from the 16-min group.
DISCUSSION
Our study results provide evidence that, after reaching spawning areas, both Pink and Chum Salmon may be resilient to certain forms of capture-related exhaustion stress. Short of producing immediate mortality through extended anoxia, Pink and Chum Salmon are apparently able to recover from substantial physiological disturbance related to capture and ultimately spawn. A primary objective of this study was to tease apart the relative roles of exhaustion-related stress and dermal injury on postrelease outcomes and in particular, prespawn mortality. However, given that we observed little prespawn mortality and Downloaded by [134.117.10 .200] at 17:24 19 February 2013 FIGURE 4. Mean postrelease longevity and the proportion of successful Pink Salmon (white bars) and Chum Salmon (gray bars) spawners for each of the six treatment groups (see Figure 2) . Longevity was defined as the number of days from capture and release to postmortem retrieval of the carcass. Individuals were categorized as successful spawners if they retained ≤10% of their eggs following their time on the spawning channel. Error bars denote 95% confidence intervals.
FIGURE 5. Proportion of reflexes assessed as impaired among the five reflexes tested (RAMP scores) in female Pink Salmon following exposure to different durations of an air exposure stressor and cinch-tagging before release into the spawning channel. Control fish were rapidly dipnetted from the channel raceway entrance (see Figure 1 ) and immediately RAMP-assessed without tagging. Statistical differences among groups were assessed using Kruskal-Wallis ANOVA; post hoc differences are indicated by dissimilar letters. Error bars denote 95% confidence intervals. no variation in postrelease outcomes among treatments, that objective could not be realized. Natural prespawn mortality rates for Pink Salmon (6.5%) and Chum Salmon (3.2%) in the channel during the study year (R. Stitt, Fisheries and Oceans Canada, personal communication) were nearly identical to the prespawn mortality rates for fish subjected to our capture and tagging procedures (Figure 3) . It is important to note that our gill-net simulations did not generate severe injuries one would typically observe in a fishery more seaward of the spawning areas (see Baker and Schindler 2009) , and thus, we did not adequately evaluate the effects of the injury component of capture. This is partly a shortcoming of the simulation used, but probably also because such injuries may not be possible given the reabsorption of scales and thickened skin in spawning salmon. Future work aimed at disentangling the relative effects of stress and injury should focus on salmon in an earlier state of maturation, before secondary sexual characteristics have been fully developed. Because the injuries generated by our simulations were very minor, the remainder of the paper focuses on discussing apparent resilience to the exhaustion-related stress component of capture rather than injury.
The apparent lack of additive mortality documented here contrasts with previous data on postrelease mortality of Pacific salmon. As noted, some qualifications must be made, including the lack of severe injuries that can occur in real gill-net fisheries. Indeed, analyses of actual exposure to fisheries have often documented extensive delayed mortality for adult Pacific salmon. However, our study is the first to assess mortality following a capture event occurring upon arrival at spawning areas. Pacific salmon captured and released in the ocean have been shown to experience much higher postcapture and release mortality rates: 33-55% for purse-seine-caught Sockeye Salmon , 44% for troll-caught Coho Salmon (Parker et al. 1959) , and up to 75% for Coho Salmon captured by gill net (Buchanan et al. 2002) . During river migration, most studies of capture mortality have focused on recreational angling, with mortality estimates ranging from 1% to 69% depending on species, study location, duration of postrelease monitoring, and research techniques (Bendock and Alexandersdottir 1993; Vincent-Lang et al. 1993; Vander Haegen et al. 2004; Nelson et al. 2005; Cowen et al. 2007; Raby et al. 2012) . Recent biotelemetry research revealed that angled and released Sockeye Salmon migrating up the lower Fraser River were 20-35% less likely to reach spawning areas than individuals tagged in the ocean and subsequently tracked in freshwater (Donaldson et al. 2011, in press ). Most relevant to our paper was a biotelemetry study conducted at a nearby study site on the Harrison River where Sockeye Salmon (mix of Harrison River and Weaver Creek stocks) were subjected to similar capture simulations approximately 2 weeks earlier in their maturation status (September 10-17, 2009 ). In that study, Weaver Creek Sockeye Salmon were subjected to the same gill-net treatment as our study (3 min entanglement, 1 min air exposure), and only 41.7% successfully reached the spawning channel (<5 km away from tagging site; Donaldson et al. Downloaded by [134.117.10 .200] at 17:24 19 February 2013 2012). Among the other three treatment groups (all thought to be less severe than the gill-net treatment), the overall success of fish reaching spawning areas was 32%.
Clearly, survival differences among capture and release studies are wide enough to conclude that mortality rates are highly context-dependent. Nonetheless, we have documented exceptionally low mortality rates for Pink and Chum Salmon and did not observe significant variation in postrelease outcomes, in spite of varied and at times rather severe imposition of physiological stress. Below we propose hypotheses for our unexpected mortality results, discuss our physiological findings, and provide commentary on research and management relevance.
Resilience to Capture Stress
The moderate water temperature in our study (about 12 • C) was probably a contributing factor in the lack of prespawn mortality we observed; a higher mortality would certainly be expected if water was warmer than the optimum temperature of the salmon in press), which was not the case here. Temperature is an important consideration for any study of fisheries-induced mortality. As reviewed by Gale et al. (in press ), about 70% of published capture and release studies with a temperature component have shown a positive relationship between water temperature, indices of stress, and mortality. The bulk of Fraser River fisheries harvest and capture and release occurs in August and September in the lower river, where temperatures typically range from 14
• C to 18
• C ). Indeed, it should be expected that salmon experience cooler temperatures at spawning grounds than during most of upriver migration. Sensitivity to capture is probably not only temperaturedependent, but stock-and species-dependent as well. Recent work has shown that Fraser River salmon stocks vary in their physiological capabilities at higher temperatures (Lee et al. 2003; Clark et al. 2011b; Eliason et al. 2011; Martins et al. 2011) and such interspecific and intraspecific differences can drive differences in mortality rates during upriver migration Tucker et al. 2009; Chittenden et al. 2010; Donaldson et al. 2010; Mathes et al. 2010; Martins et al. 2011) . It follows that physiological differences among species and stocks could also translate into differences in resilience to fisheries capture stress.
Disease may be a latent cause of mortality resulting from fisheries capture and release, given the effects that the stress response can have on immune function (Lupes et al. 2006) . Chronic exposure to high temperatures during upriver migration can increase the likelihood of natural prespawn mortality by increasing susceptibility to pathogens (Macdonald et al. 2000; Crossin et al. 2008) . Had the fish in our study experienced temperature stress during migration, it is possible that the added stress and energetic expenditure associated with capture would have resulted in spawning failure via further acceleration of pathogen development. However, water temperature in the channel itself was moderate, and in many cases there may simply not have been enough time for capture-induced pathogenic prespawn mortality to become manifest, particularly when combined with low temperatures. Irrespective of whether fish in our study were able to spawn before development of captureinduced disease, longevity did not differ among treatments. Given that cortisol is naturally elevated ) and immune function is already collapsing in spawning salmon , the additive effects of a capture stressor may be relatively insignificant in this respect for spawning salmon. In general, links between fisheries capture and pathogenic mortality remain conceptual and speculative because virtually no published research exists on the topic (see Lupes et al. 2006) . Future research could greatly advance the science of delayed fisheries capture mortality by developing an understanding of effects on immune function and pathogen proliferation.
An alternative hypothesis that could explain the lack of observed fitness effects of our capture simulations is the following: as Pacific salmon migrate towards spawning areas they become progressively more resilient to capture as a result of a physiological shift that better equips them to endure challenging environmental conditions, predators, and spawning interactions on spawning grounds. On approach to spawning areas, they undergo a broad-based metabolic shift towards a more frequent use of anaerobic pathways and an increased reliance on protein catabolism (Brett 1995; Miller et al. 2009 ). Therefore, once salmon have reached spawning grounds they may be particularly adept at enduring and recovering from acute stressors involving heavy use of anaerobic metabolism, and therefore experience no tertiary stress response (i.e., life history consequences) following capture. It is logical that spawning salmon must already be physiologically configured to cope with repeated acute stressors and anaerobic activity associated with general crowding, fighting conspecifics, courtship behaviors, predator evasion, and the air exposure that can occur during migration through shallow streams (Quinn and Buck 2001; Hruska et al. 2010) . For example, as part of the maturation process, circulating cortisol can already be at very high levels during spawning activity, particularly for females Hruska et al. 2010) . Parallel to our study, Cook et al. (2011) exposed Weaver Creek female Pink Salmon to a rapid blood sample, a 2-min air exposure, and 25-min holding time in fish bags followed by a second blood sampling; they found a spawning failure rate (about 11%) similar to our study. Individuals with an elevated cortisol response to capture tended to experience spawning failure (Cook et al. 2011) , suggesting that intraspecific variation in physiological response to capture could drive postrelease outcomes rather than the intensity of the stressor itself. Indeed, we observed some spawning failure but no significant differences among treatments that differed in stressor intensity.
Finally, some consideration should be given to the potential confounding effects of the artificial nature of the spawning channel used for this study. Weaver Creek Spawning Channel provides uniformly high quality spawning habitat. In addition, fish are let into the channel at rates such that overcrowding (and Downloaded by [134.117.10 .200] at 17:24 19 February 2013 density-dependent mortality) does not occur, theoretically reducing the intensity of competitive interactions relative to that in natural spawning areas. In natural spawning areas, spawning habitat is nonuniform, which creates competition for the areas most suitable for redds. This can result in overcrowding, whereby many fish may not spawn successfully if they are unable to win spawning sites, and others may spawn in lowquality sites producing low embryonic survival. Thus, had the study been replicated using a naturally varied and more crowded spawning area, there may have been differentiation of egg retention among capture treatments. Baker and Schindler (2009) demonstrated that Sockeye Salmon that arrive at spawning areas with gill-net injuries were less likely to enter spawning sites than those without injuries and exhibited reduced longevity. This was partly a result of a retarded maturation process, whereby fish carrying old gill-net wounds did not fully develop secondary sexual characteristics (Baker and Schindler 2009) . The injuries in that study were a legacy of gill-net interactions that occurred during the marine approach (i.e., Bristol Bay) areas, where the bulk of Pacific salmon harvest occurs in most systems. For fish with secondary sexual characteristics (including scales being resorbed into skin) captured near spawning grounds, the consequences of injury on maturation, spawning behavior, and egg retention are probably not as pronounced. This may be particularly true if water temperatures are low, slowing the rate of wound infection.
Physiological Findings
The fishing simulations we used were sufficiently varied in their severity that physiological disturbances differed in extent among treatments. By rapidly dipnetting control fish and sampling blood within 1 min of initial contact, we anticipated that the blood sample would be uninfluenced by the capture event (Clark et al. 2011a) . Therefore, control values ( Figure 2 ) were probably representative of the fish's physiological state prior to capture in the channel raceway. Treatments differentiated as we had expected, with the three high-stress simulations being associated with RAMP score and the plasma lactate, osmolality, chloride and potassium values diverging significantly from those of the control fish. Although we did not conduct physiological analyses on white muscle, the increase in both plasma potassium and chloride associated with high stress treatments was probably a result of extracellular water in the plasma shifting to the intracellular compartment, as instigated by muscle acidosis resulting in a higher concentration of ions in plasma (Wood et al. 1983; McDonald and Milligan 1992) . Further evidence that these fish were undergoing heavy anaerobic metabolism was provided by an accumulation of plasma lactate in the high stress groups (Figure 2) , which was not surprising given that these treatments involved more burst exercise and included 1 min of air exposure. Collectively, our physiological analyses leave little doubt that the stressors imposed physiological disturbance comparable to what can be expected in some fisheries for Pacific salmon, where postrelease mortality can follow Farrell et al. 2001; Donaldson et al. 2010; Donaldson et al. 2011; Raby et al. 2012; Donaldson et al. 2012) .
The potential for RAMP to predict delayed mortality was precluded by the lack of prespawn mortality in this study. Reflex impairment has been previously demonstrated as a predictor of delayed bycatch mortality in migrating Fraser River Coho Salmon ) and in a number of marine species held in captivity (e.g., Davis and Ottmar 2006; Davis 2007; Humborstad et al. 2009 ). Aside from predicting mortality, RAMP can be used as an integrative whole-body measure of vitality in response to stressors (Davis 2010) ; indeed, it apparently performed that role in our study, responding to varying degrees of capture stress (Figure 2; Figure 5 ). The concordance between RAMP scores and plasma constituents (Figure 3 ) in our study was novel. Although the RAMP score showed general agreement with plasma osmolality, chloride, and potassium (though not significant), it was most strongly and significantly associated with plasma lactate (Figure 3) , which is not surprising because plasma lactate is a byproduct of anaerobic exercise (McDonald and Milligan 1992) . These are the first data to provide some confirmation that reflex impairment indicates a compromised physiological state. We suggest, however, that plasma lactate is not itself a driver of reflex impairment but rather a byproduct of the physiological processes directly responsible for impairment of at least some of the reflexes we tested. In this and other studies using RAMP with Pacific salmon, we have repeatedly observed that exhausted salmon can recover their reflex actions after a short recovery (15-30 min; G. Raby and M. Donaldson, unpublished data) , whereas plasma lactate typically does not peak until 1-2 h after capture and often does not return to baseline levels for 10 h (e.g., Parker et al. 1959; Wood et al. 1983; Ferguson and Tufts 1992; Farrell et al. 2001; Cech et al. 2004; Clark et al. 2012) . Moreover, RAMP scores were not associated with plasma lactate in blood sampled and RAMP-assessed Coho Salmon bycatch that had recovered for a range of durations <30 min ; presumably because lactate continued to accumulate in plasma, whereas reflex impairment began to decrease during recovery. Other physiological measurements indicative of exhaustion that recover more quickly would therefore probably reveal more about what drives reflex impairment (e.g., lactate, adenosine triphosphate, and phosphocreatine in white muscle; Farrell et al. 2001; Suski et al. 2007; Raby et al. 2012) ; however, different reflex impairments may be associated with different types of physiological disturbances (e.g., pathway to VOR impairment may differ from that of tail grab). Our study serves as a first proof of concept for RAMP with Pink and Chum Salmon. We expect that further research in a fisheries context, where substantial mortality actually occurs, would probably reveal a mortality correlation with reflex impairment, as has been observed for adult Coho Salmon and Sockeye Salmon Donaldson et al. 2012 
Management Implications and Future Research
Our finding that Pink and Chum Salmon may be resilient to capture stress at the final stage of maturation as they reach spawning areas should be of interest to managers and scientists concerned with Pacific salmon. However, it should be made abundantly clear that the prespawn mortality rate we documented here (near zero) for salmon should not be considered a usable estimate for migrating salmon that experience a comparable capture stressor, nor was it our objective to generate such an estimate. The capture stressors in this study were simulated and, in the case of the gill-net simulation, probably quite mild compared to a real fishery, particularly with respect to the injuries generated. In addition, most capture and release of Pacific salmon occurs much earlier in the migration than upon arrival at spawning areas. Nonetheless, there are fisheries near terminal spawning grounds in the Fraser River basin, largely conducted by recreational anglers and by aboriginal groups using beach seines, dip nets, and gill nets. Our results are relevant to the release of nontarget fish caught by these groups on or adjacent to spawning areas. Such gears enable selective harvest, so release of fish certainly occurs.
As discussed, the fish in our study may have been physiologically equipped to better endure acute stress exposure than they would be earlier in their migration. As far as we are aware, this is the first study on capture and release of Pink or Chum Salmon in any context in the peer-reviewed literature, so it remains possible that these two species are more resilient to capture than Sockeye, Coho, and Chinook Salmon. The capture-mark-recapture programs conducted on spawning grounds for stock assessment purposes for Fraser River salmon assume negligible mortality from seine capture and external tagging with Petersen discs. The data presented here support that assumption. Our findings also bring light to the difficult issue that postrelease mortality is dependent on biological context. For example, a mortality estimate for Coho Salmon released from a gill net shortly after river entry may not be transferrable to the same fishery taking place 120 km upstream. Temporal sequence could be a factor. In the above-mentioned study by Donaldson et al. (2012) , Weaver Creek Sockeye Salmon captured about 2 weeks earlier in their maturation status than our fish and released 5 km away in the Harrison River experienced mortality nearly 10 times that of our fish. In our study there was evidence for a maturation status effect, whereby later arriving fish that were captured and tagged closer to senescence had higher rates of spawning success. Stock and species differences further complicate management decisions on assigning mortality rates to fisheries bycatch to meet escapement targets (Baker and Schindler 2009) .
Evidently, developing a better understanding of how interspecific, intraspecific, and interpopulation differences govern sensitivity to capture could greatly improve the efficacy of Pacific salmon management. Validating rapid and inexpensive mortality predictors like RAMP may be the most efficient avenue for researchers and managers, given that such tools could quickly generate mortality estimates across different contexts . Finally, better understanding of the relative importance of and interaction between physiological exhaustion and dermal injury in bycatch releases should remain a research priority. Studies that use an experimental approach and unveil mechanisms can serve as the basis for solutions to unobserved fishing mortality.
